Abstract
stronger (Cofie et al., 2006) than domestic wastewater. Unlike other typical VFCW systems treating wastewaters (Kadlec and Wallace, 2008) , the filters on VFCW systems treating septage do not 46 incorporate a sand filter layer at the top. Instead, the substrate consists of larger particles sizes compared to typical VFCW systems (treating wastewater or stormwater) to prevent clogging issues, "rules-of-thumb" are still used as design criteria. Moreover, the overall removal efficiency is commonly used to determine the capacity and operational strategies of the wetland beds (Kumar and treatment cycle. In particular, the retention time analysis (RTD) is carried out by performing a tracer 102 test to determine the influence of HLR on the hydraulic behaviour of the VFCW.
103

Materials and Methods
104
Experimental Setup
105
The experimental setup of the VFCW system is shown in Figure 1 
119
Each cell consist of a 20 cm drainage layer built using large gravels (∅ > 6.00 cm) at the bottom 
Experimental Tracer
128
The tracer test was carried out using sodium bromide (NaBr), due to its biological stability and 129 conservative nature (Kadlec and Wallace, 2008) . The tracer was injected into the septage and the mixture was homogenised before loading, similar to that of a step input injection, resulting in Intermittent feeds was utilized to ensure sufficient oxygen level in the wetland bed for enhanced nitrogen and organic matter removal. Variations in the HLR was achieved by controlling the volume content and solids in the septage, a resting period between loadings was required to prevent clogging Hua et al. (2014) states that for a resting period of 3, 6, and 10 days, the hydraulic conductivity 139 and effective porosity of the substrate media would improve significantly. However, for a resting 140 period of 10 days, a significant increase in effective porosity could occur, which would lead to short-141 circuiting. Hence, the feeding regime incorporates a 6-day resting period between loadings. 3 days 142 resting is expected to be insufficient as the system would need longer time to recover due to the high 143 solids and organics content in septage. 
152
(TN) and Chemical Oxygen Demand (COD) using HACH DR2800 -spectrophotometer. The
153
concentration of total solids (TS) was determined using the oven drying method. The concentration
154
of bromide was measured using Hach® MM340 radiometer with bromide ion selective electrode.
155
Determination of the removal efficiencies is in accordance to (Liu et al., 2013) 
162
This study utilized the method proposed by (Fogler and Brown, 1986) to analyse the tracer data 163 for step inputs. The variables determined from this method includes the average retention time,
164
variance, and tracer mass recovered to describe the effect of HLR on hydraulic behaviour of the wetland system. Equations (2) to (4) below are equations for pulse input RTD analysis: , 2007) . The new expression is given as: 
181
for all HLR cases. Also, a summary of the analysis are shown in Table 2 .
183 184
Figure 2 Typical effluent flow profile due to varying HLR cases, which consist of three (3) stages in 185 flow. The first stage is described by the delay in flow, followed by a transition to the second stage in 186 which a significant amount of flow was observed that increases to a maximum. The third stage is 187 observed as a steady decrease in flow after reaching a maximum flow.
188 Table 2 Maximum effluent flow rate due to varying HLR and solids content. . Moreover, the thicker sludge deposit layer would retain more water in the system, as well as 217 increase the capillary action, which would reduce the flow rate of water (Cota et al., 2011) . In contrast 218 with the first stage of flow, in terms of controlling flow rate, the significance of solids content and 219 sludge thickness is more apparent than the hydraulic head difference for high HLR cases.
220
Nevertheless, the effect of hydraulic head difference reduces with decreasing water depth over time.
221
The third and final stage in the flow profile occurs when flow steadily decreases after reaching conditions. This was expected as the tracer concentration was injected using a step input method. As
285
the tracer is conservative in nature, its mass would be consistent, thus, the RTD curves produced
286
would be expected to have a similar profile to that of effluent flux curves for individual HLR runs.
287
The obtained RTD curves confirms the assumption that tracer is homogenised in the liquid, and observed is similar to those found in (Cota et al., 2011) . Hence, it is in all likelihood that the 300 asymmetry and long tail observed in the RTD curves is due to diffusion of water into dead zones in 301 the system, which is gradually released over time. Also, the long tail may be related to the adsorption 302 of tracer in the biomass (Levenspiel, 2000) .
303
Further analysis shows that the average HRT for low, moderate, and high HLR cases are 183 
317
A correlation between treatment dynamics and hydraulic behaviour can be observed by plotting
318
RTD curves with the concentration of pollutants. 
343
The effect of HRT is also prominent in the removal of organic matter as seen in Figure 4 
363
HLR cases. A reduction in average recovery was observed with increasing HLR. The system's ability 364 to recover water was observed to be related to the solids content and sludge deposit layer.
365
Overall removal of organic matter and nitrogen compound improved with increased HRT.
366
However, no correlation between HRT and total solids removal was observed. The effects of HRT on 367 treatment dynamics was further analysed by plotting RTD curves with pollutant concentrations. It 368 was determined that the sludge deposit layer may have played a vital role in the removal of organic 369 matter, nitrogen compounds and total solids. However, total solids removal was highly dynamic and 370 easily influenced by resting periods between loadings and flow velocity.
371
It is expected that this study would contribute to a better understanding of the hydraulic 372 behaviour and the treatment dynamics for a VFCW system designed for septage treatment as well as
373
to support the modelling and calculation of pollutant removals. Further emphasis should be made to 374 understand the role of sludge deposit layer in terms of hydraulics and treatment efficiency.
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